Ni 1-x Co x Fe 2 O 4 (x = 0, 0.2, 0.4, 0.6, 0.8) ceramics were prepared by chemical co-precipitation method and the effect of Co ion doping on the microstructure, magnetic and dielectric properties has been investigated. The results show that the synthesized ceramics display only spinel phase of Ni 1-x Co x Fe 2 O 4 , without other apparent impurities found. The lattice of Ni 1-x Co x Fe 2 O 4 crystal structure was distorted as a result of the incorporation of Co ion, and the lattice parameters increase with the increase of Co ion content. The grain size decreases slightly with increasing the content of Co ion, indicating a change of particle size and morphology at higher doping content. The results of impedance analysis shows that the sample doped with 80 at.% Co possesses the maximal dielectric constant, while the pure NiFe 2 O 4 sample shows the minimal value when the frequency is below 0.1 MHz. The M-H loops of these ceramics exhibit highly magnetic nature and the saturation magnetization. The remnant magnetization increases linearly with the increase of Co-concentration in nickel ferrite while the coercive field (H c ) shows non-monotonic variation with Co content. The minimal and maximal values of H c can be obtained when the Co concentrations are 40 and 80 at.%, respectively. The highest value of the saturation magnetization is 63 emu/g obtained with 80 at.% Co doping while the lowest value is ∼31 emu/g for the pure NiFe 2 O 4 ceramics. The abnormal magnetic behaviour is due to the A-B super exchange interaction when magnetic Co 2+ ions are added.
I. Introduction
Spinel ferrites MFe 2 O 4 (M = Mg, Cu, Ni, Co, Mn, Zn, etc.) have attracted extensive attention in the past few decades not only due to their interesting properties, such as specific magnetization, magneto crystalline anisotropy, high electrical resistivity, high Curie temperature and chemical stability [1] [2] [3] , but also because of their broad applications in catalysis, high density information recording, magnetic storage, energy storage, biological applications and ferrofluid technology as carriers for magnetically guided drug delivery and ferrofluid seal [4] [5] [6] [7] [8] [9] [10] . Among them, CoFe 2 O 4 is one of the most important ferrites because of its perfect magnetic properties, excellent thermal stability and high anisotropy field [11] [12] [13] [14] . Another typical ferrite is NiFe 2 O 4 due to its ferromagnetic properties, low electrical conductivity and thus low eddy current losses and high electrochemical stability [15] [16] [17] [18] . In addition, CoFe 2 O 4 belongs to the class of hard magnetic materials, which exhibits very high value of saturation magnetization and coercive field, whereas NiFe 2 O 4 is soft magnetic material having low saturation magnetization and coercivity. As a consequence, one can speculate that with the substitution of Co ions in NiFe 2 O 4 lattice, the obtained magnetic compound will have the characteristic of both spinels, which encourages their use in many other potential applications. They have the advantage of tuning and tailoring their physical properties by changing the chemical composition, grain size, morphology and lattice strain [19] [20] [21] [22] [23] . The exploration of various combinations of different magnetic materials may improve their physical properties and provide a better fundamental un-derstanding of the magnetic interactions and achieve desirable specific applications [24] [25] [26] [27] . According to the exchange-coupling theory, nanocomposite permanent material can have the high remanence of soft phase and the high coercivity of hard phase at the same time.
Therefore, it is very important and necessary to tailor the physical properties of ferrite ceramics based on the application requirements which can be achieved by adjusting the concentration of cobalt and nickel magnetic phases in these materials. Obviously, on account of such interesting and useful properties, it is of great significance to carry out in-depth investigation on the preparation procedures and characterization analysis. The purpose of this work is to describe the synthesis of the single phase Co-doped NiFe 2 O 4 ceramics by chemical coprecipitation method and to characterize high coercive field/low coercive field magnetic composites by various analytical techniques in order to investigate the structure, morphology, dielectric and magnetic properties.
II. Experimental procedure
Ni Ltd.) were mixed in their stoichiometric ratio and continuously stirred at 80°C for 1 h. In the next step, NaOH solution was slowly added into the precursor solution mixture with constant stirring and pH was adjusted to ∼12. After continued stirring for 1 h, the solution was naturally cooled to room temperature and the obtained product was filtered and washed several times with distilled water until the pH decreased to ∼7 to remove the unwanted salt residues and other impurities. Subsequently, the precipitated particles were then dried at 100°C for 24 h to obtain the dry powder. After that, the powder was ground, then mixed with polyvinyl alcohol (PVA) and filtered through sieve. Afterwards, the particles were pressed into pellet with the diameter of 10 mm and the thickness of 1 mm, and finally sintered at 1000°C for 8 h to obtain the required ceramics.
The crystal structure of the prepared ceramics was investigated at room temperature by X-ray diffraction (XRD, D/max 2500, Rigaku, Japan) using Cu-Kα radiation (λ = 1.5406 Å) in the 2θ range from 20°to 70°. Scanning electron microscopy (FE-SEM, JSM-7800F, JEOL, Japan) was used to observe the surface morphology of the ceramics. The dielectric properties of the samples were characterized by using an impedance analyser (HP4980A, Agilent, USA). The relative dielectric constant (ε r ) can be calculated from the capacitance based on the following equation:
where C is the measured capacitance, d is the thickness of the samples, ε 0 is the vacuum dielectric constant (8.85 ×10 −12 F/m) and S is the effective area of the electrode on the samples. Room temperature magnetic hysteresis (M-H) loops were determined by using a vibrating sample magnetometer (VSM, VSM100∼500) with maximum magnetic field of ±1.5 T.
III. Results and discussion

Microstructure
The X-ray diffraction patterns of the prepared ceramics are shown in Fig. 1a . It can be found that all the samples show good crystallinity with different Co content, indicating a poly-crystalline spinel structure without any discernible secondary phases. Besides, it can be clearly seen from Fig. 1b that the diffraction peaks shift to lower angle region with the increase of Co content, which demonstrates that the interplanar distance and lattice constant increase with Co increasing. The lattice parameter a for individual compositions can be calculated from the most intense reflection peak 311 of the cubic spinel structure by using the formula [28] :
where h, k, and l are the Miller indices. It can be found that the lattice parameter increases from 8.302 Å to 8.411 Å when the Co concentration increases from x = 0 to x = 0.8. This increased lattice parameter with the increase in Co 2+ ion concentration is attributed to the replacement of Ni 2+ ions with smaller radius (∼0.63 Å) by Co 2+ ions with larger radius (∼0.78 Å) in the host lattice of nickel ferrite [29] . Therefore, we argue that Co 2+ ions with relative larger ionic radius have substituted Ni 2+ ions with smaller ionic radius, and this resulted in the expansion of the crystal lattice. In addition to the crystal structure, Co-doping can play a role in the modulation of the surface morphology and the grain size. Figure 2 shows the surface morphology of Ni ity. Furthermore, the mean grain size shows slightly decreased trend with Co addition. This clearly shows that the substitution of Ni 2+ with Co 2+ ion has a direct influence on the microstructure of the ceramics. It demonstrates that the addition of Co can effectively inhibit the grain growth of Ni 1-x Co x Fe 2 O 4 ceramics. Co 2+ ions in the high temperature sintering process can dissolve into NiFe 2 O 4 lattice and replace Ni 2+ ions and thus lead to lattice distortion. In addition, Co 2+ ions are easily segregated on the grain boundary, hindering the mobility of the grain boundary and inhibiting the grain growth.
Dielectric properties
The changes in the dielectric constant of the Codoped NiFe 2 O 4 ceramics as a function of frequency are shown in Fig. 3 . One can see that the dielectric constant shows non-monotonic variation with Co content. It increases firstly, then decreases and finally it increases again in the low frequency range ( f < 10 5 Hz). The minimal dielectric constant is obtained in the pure NiFe 2 O 4 sample while the maximum occurs at x = 0.8. On the The frequency dependence of the dielectric constant can be explained based on the different polarization mechanisms under different measuring frequency. The polarization mechanism includes displacement polarization, space charge polarization and turning-direction polarization. The relaxation time of displacement polarization (∼ 10 −13 s) is so short that it can be considered to be independent of the test frequency (20 Hz-2 MHz). Therefore, the displacement polarization contribution to the dielectric constant is also independent of the test frequency, and the dielectric constant should show perfect frequency stability. In contrast, the relaxation time of space charge polarization and turning-direction polarization is roughly in the range of 10 −2 -10 −6 s, which is comparable to that of the examined frequency range. As a consequence, in the low frequency, the polarization process can be fully established so that large dielectric constant can be obtained. However, the polarization process cannot be entirely formed in the high frequency range, thus only smaller dielectric constant can be observed. In brief, as more and more polarization processes cannot be established with increase in the frequency, the dielectric constant decreases monotonically with the frequency increase in the whole frequency range. The better the frequency stability of the dielectric constant, the lower the relaxation polariza-tion (including space charge polarization and turningdirection polarization) should be. The relaxation polarization is often induced by space charge, impurity, defects such as oxygen vacancy, weekly bound charge and so forth. The reason that there is a broad pick in frequency dependence of dielectric constant for the samples Ni 0.8 Co 0.2 Fe 2 O 4 and Ni 0.6 Co 0.4 Fe 2 O 4 at about 1 kHz is that there are less space charges and oxygen vacancies in the two samples. Although this standpoint cannot be directly concluded from the XRD and SEM images, it might be that Co doping has such influence on the crystal structure and grain size of NiFe 2 O 4 ceramics that moderate addition of Co 2+ ions may result in the reduction of defects in the samples to some extent. In general, defects and impurities are directly related to the electric properties. Figure 4 shows room temperature magnetic hysteresis loops obtained from VSM measurement of the Ni 1-x Co x Fe 2 O 4 ceramics. It can be seen that all Ni 1-x Co x Fe 2 O 4 ceramics exhibit hard ferromagnetic behaviour. Furthermore, the hysteresis loops of the samples present smooth hysteresis, indicating single phase like magnetic material behaviour. This behaviour reveals that the Co 2+ is tailored to NiFe 2 O 4 lattices perfectly. The saturation magnetization (M s ), coercive field (H c ) and remnant magnetization (M r ) are listed in Table 1. It is found that the values of M s and M r increase monotonically with increasing Co content. These increases can be explained in terms of the existence of both Ni 2+ and Co 2+ ions, which could cause exchange interaction between them. Another important reason is attributed to a larger magnetic moment of Co 2+ (3µ B ) at the octahedral sites as compared to the Ni 2+ (2µ B ).
Magnetic properties
In an ideal spinel lattice, on one hand, the magnetization is generally given by the different moments of the tetrahedral A sites and the octahedral B sites. If the magnetic moments of the Fe 3+ ions at the A and B sites are entirely equal and opposite, they can compensate each other. On the other hand, the magnetization naturally depends on the distribution of magnetic and non- . Therefore, the saturation magnetization of Co-doped NiFe 2 O 4 ceramics will increase with the Co concentration because of the larger magnetic moment of Co ions as compared to that of Ni ions. Furthermore, the magnetic interaction was tended to be weaker in a disordered phase. As a consequence, the grain boundary density decreases with increasing the grain size, which in turn increases the magnetization. In addition, the coercive field presents a nonmonotonic dependency relationship with the Co concentration. The maximal value of coercive field has Ni 0.2 Co 0.8 Fe 2 O 4 ceramics because of the hard behaviour of cobalt ferrite. The high value of H c could be interpreted in the light of one ion model [30] . The minimal coercive field occurs in Ni 0.6 Co 0.4 Fe 2 O 4 ceramics and may be explained by the grain size effect (due to the enhancement of the effective anisotropy constant, K e f f ). The contribution of the surface anisotropy constant (K S ) can be described as [31] :
where d is the diameter of grains. Therefore, the surface and its associated anisotropies can play very important role in case of nanosize grains. The room temperature coercivity values for various Co concentrations show that the M-H curves of all the samples do not entirely saturate even at the applied field of 10 kOe, especially when the concentration of Co is very high. Hence, the saturation of magnetization is difficult to obtain due to the surface canted spins because of the broken exchange bonds at the surface of nanograins. We can see from Fig. 4 that the coercivity of the prepared ceramics decreases firstly and then increases with increasing Co concentration, while the grain size decreases slightly with Co concentration. It is obvious that the variation of coercivity with increasing Co concentration may be attributed to the higher magneto-crystalline anisotropy of Co 2+ as compared to that of Ni 2+ ions which in turn can lead to higher coercive field according to the Stoner Wolfforth model for nanoparticles (H c = 2K/M s ). However, according to our results, although all grain sizes are in the order of a few µm, these grains are large enough to support the domain walls, and thus the coer-civity of these grains could be reduced by magnetization reversal through the domain wall [32] . The grain sizes show monotonic variation with the concentration of Co, while the coercive field does not show monotonic variation. Therefore, only the grain size effect cannot be used to explain the variation of coercivity. Furthermore, it is very strange that the pure NiFe 2 O 4 shows hard magnetic behaviour. The coercivity (∼893.87 Oe) of NiFe 2 O 4 is so high that the size effect cannot be solely used to interpret this unusual phenomenon. Many factors, for example, magnetic anisotropy (including anisotropy such as magnetic crystals, induction, shape and stress), impurities, pores, defects etc., have major effect on the coercivity. The coercivity determined by boundaries can be expressed as:
where γ w is the domain wall energy, and M s is the saturation magnetization. γ w can be stated as:
Therefore, H c can be expressed as follows:
where k is the Boltzmann constant, K 1 is the magnetocrystalline anisotropy, T c is the Curie temperature, and a is the lattice constant. In the case of low Co content, the grain size plays an important role, thus H c is slightly decreased [33] . Nevertheless, with the increase of Co content, such behaviour is also consistent with the effect of the grain size on the magnetic properties of nanoscale materials, thus anisotropy constant and the magnetic magnitude are more and more important. Coercive field presents the increased trend gradually. The high value coercivity may be enhanced by the anisotropic constant with increasing Co content [34] . In other words, the size effect may be inadequate to account for the hard magnetic behaviour of the pure NiFe 2 O 4 .We speculate that the shape of grains, defects, impurities and holes in the sample can also play important roles in the coercive field. Therefore, further work is needed in the next investigation process.
IV. Conclusions
Ni 1-x Co x Fe 2 O 4 (x = 0, 0.2, 0.4, 0.6, 0.8) ceramics were synthesized by chemical co-precipitation method and sintered at 1000°C. X-ray powder diffraction con-firms the formation of the single-phase crystalline structure without any trace of impurity. The lattice parameter increases with increased Co content because of the larger ionic radius of Co 2+ compared with that of Ni 2+ . The density increases with Co-doping, whereas the average grain size calculated from SEM varies in the range of 2-5 µm and decreases slightly with Co concentration.
The impedance spectroscopy confirms that the dielectric constant increases with Co content, while it presents relatively stable values as a function of frequency in a certain extent of Co doping. In addition, incorporation of cobalt in the spinel nickel ferrite structure can enhance the saturation magnetization and remnant magnetization because of the stronger magnetism of CoFe 2 O 4 compared to NiFe 2 O 4 material. In the case of 40 at.% Co-doping, this larger magnetization and lower coercivity than the pure nickel ferrite ceramics indicates the size effect and presents the obvious modulation effect of Co-doping on nickel ferrites. At higher Co-doping, the anisotropy constant and the magnitude of magnetic moment begin to be the main factors, so that the coercivity shows a gradual upward trend. The grains shape, defects, impurities and holes exhibit considerable effect on the unusually large coercive field in the prepared ceramics. Our results propose a feasible approach to improve the magnetic properties in nickel ferrite ceramics.
